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The anterior mesendoderm of mid- to late primitive streak stage mouse embryos has the ability to induce anterior
neuroectodermal fate in naive epiblast [S.-L. Ang and J. Rossant (1993) Development 118, 139–149]. A number of genes have
een found to be expressed in this tissue, notably the transcription factor Lim1. Lim1-null mice have anterior mesendoderm
efects that result in a lack of head formation. Thus, the anterior mesendoderm of gastrula stage mouse embryos should
xpress Lim1-regulated genes that are essential for head development. To identify Lim1-regulated genes, a differential screen
with subtraction was developed, using cDNA pools that were amplified from the anterior mesendoderm of single wild-type
and Lim1-null gastrula stage embryos. This novel screen strategy has yielded 22 cDNAs that show differential expression
between anterior mesendoderm cells of wild-type and Lim1-null embryos. The expression of one novel cDNA SII6 initially
olocalizes with Lim1 in the anterior mesendoderm of gastrula stage embryos. Moreover, SII6 expression is undetectable in
he anterior mesendoderm of Lim1-null embryos. This screen identifies a set of putative Lim1 target genes that may have
mportant roles in vertebrate head formation. Furthermore, this differential screen strategy should provide a broadly
pplicable approach to identify differences in gene expression between embryonic tissues of limiting
uantity. © 1999 Academic Press
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The formation of the vertebrate head is a complex process
that initially requires inductive interactions between the
embryonic germ layers to specify anterior fates (Bouw-
meester and Leyns, 1997). In the mouse, germ layer recom-
bination explant assays indicate that the anterior mesen-
doderm of mid- to late streak stage embryos is able to
induce anterior neuroectodermal marker gene expression in
naive epiblast tissue (Ang and Rossant, 1993). These find-
ings indicate that genes expressed in the anterior mesend-
oderm of gastrula stage embryos regulate the inductive
tissue interactions that control anterior neuroectodermal
fates. The anterior mesendoderm is actually a complex
mixture of tissues, including anterior visceral endoderm
that will contribute to extraembryonic tissues, node-
derived definitive embryonic endoderm that will contribute
1 To whom correspondence should be addressed. Fax: (713) 794-
e4394. E-mail: bhr@molgen.mda.uth.tmc.edu.
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All rights of reproduction in any form reserved.o the foregut, and mesoderm that will underlie the pro-
pective head ectoderm (Tam and Behringer, 1998). Until
ecently, most attention has been given to the definitive
mbryonic endoderm and mesoderm as the source of an
nterior neuralizing activity. However, recent studies sug-
est that the extraembryonic anterior visceral endoderm
lso provides an anterior signal to the adjacent epiblast to
nitiate rostral identity (Thomas and Beddington, 1996;
arlet et al., 1997; Thomas et al., 1998; Beddington and
obertson, 1998).
Lim1, also known as Lhx1, encodes a homeodomain
protein with a pair of LIM domains located N-terminal to
the homeodomain (Barnes et al., 1994; Fujii et al., 1994;
hawlot and Behringer, 1995). Lim1 was originally identi-
ed in Xenopus as Xlim1 (Taira et al., 1992). In the frog
mbryo, Xlim1 transcripts are detected in the dorsal blas-
opore lip of the gastrula and subsequently in the mesoderm
f the future head. In the mouse embryo, Lim1 transcripts
re detected during gastrulation in the anterior visceral
ndoderm and primitive streak-derived tissues, including
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370 Shimono and Behringerthe node, anterior mesendoderm, and mesodermal wings
(Barnes et al., 1994; Shawlot and Behringer, 1995; Belo et
l., 1997). Later during embryogenesis and in the adult,
im1 is expressed in the central nervous system (CNS) and
idney (Barnes et al., 1994; Fujii et al., 1994; Karavanov et
l., 1996, 1998).
Gene targeting in mouse embryonic stem (ES) cells dem-
nstrated that Lim1 is essential for the formation of the
ertebrate head. Lim1-null mice lack anterior head struc-
ures, kidneys, and gonads (Shawlot and Behringer, 1995).
he expression of molecular markers, such as Hnf3b,
rachyury, and Cerr1 in the anterior region of Lim1-null
astrulation stage embryos, is undetectable or greatly re-
uced, indicating that gene expression in the mutant ante-
ior endoderm and mesoderm is abnormal (Shawlot and
ehringer, 1995; Shawlot et al., 1998). In wild-type late
treak stage embryos, Gsc expression is detected in the
nterior mesendoderm and the anterior primitive streak
Blum et al., 1992; Belo et al., 1997; Filosa et al., 1997). In
im1-null late streak stage embryos carrying a Gsc-lacZ
nock-in marker, b-gal activity is detected in the anterior
esendoderm (Shawlot, submitted), suggesting that ante-
ior mesendoderm is present and correctly positioned in
im1-null mutant embryos. Germ layer recombination
xplant experiments demonstrate that Lim1-null anterior
esendoderm from late streak stage embryos is defective in
ts ability to maintain the expression of the anterior neuro-
ctodermal marker Otx2 in wild-type epiblast from early
treak stage embryos. Furthermore, studies of mouse chi-
eras composed of wild-type and Lim1-null cells suggest
hat the anterior mesendoderm of gastrulation stage Lim1-
ull embryos is defective in its ability to induce the
verlying epiblast toward an anterior neuroectodermal fate
Shawlot, Wakamiya, and Behringer, 1999). Taken together,
hese studies indicate that the Lim1-expressing anterior
esendoderm of late streak stage embryos is a source of
nterior-inducing activity. Thus, the anterior mesendoderm
f Lim1-null mice provides a unique genetic resource to
egin to define a genetic pathway that regulates vertebrate
nterior axis formation.
There are a variety of differential screen strategies to
dentify genes that are regulated by transcription factors
Wang and Brown, 1991; Tomotsune et al., 1993; Gould et
l., 1990; Diatchenko et al., 1996). However, these ap-
roaches require substantial amounts of tissue, precluding
heir application to Lim1 mutant gastrula stage embryos.
nly one-quarter of the embryos from Lim1 heterozygote
rosses will be Lim1-null and therefore cannot be pooled
ithout genotyping. Furthermore, although whole gastrula
tage embryos could be used as a tissue source, such a
trategy might preclude the identification of Lim1-
egulated targets because these may be independently regu-
ated by other transcription factors in nonanterior mesend-
dermal tissues of the embryo.
The logical approach to identify Lim1-regulated genes
direct and indirect targets) is to differentially screen the
ffected tissue of the Lim1-null gastrula, the anterior mes-
Copyright © 1999 by Academic Press. All rightndoderm. Unfortunately, this subregion of the mouse
astrula has very few cells. Therefore, we modified the
reviously described single-cell cDNA amplification
ethod of Dulac and Axel (1995) to amplify cDNA from the
nterior mesendoderm region of single wild-type and Lim1-
ull late streak stage embryos. Utilizing two different
ubtraction methods between these cDNA pools, a constel-
ation of known and novel genes has been identified as
bundant cDNA fragments in cDNA pools of wild-type
nterior mesendoderm cells, putatively containing Lim1
ownstream target genes. The expression of one novel
DNA SII6 colocalizes with Lim1 during gastrulation.
oreover, SII6 expression is undetectable in the anterior
esendoderm of Lim1-null embryos. This novel differen-
ial screen strategy should provide a broadly applicable
pproach to identify differences in gene expression between
issues of limiting quantity.
MATERIALS AND METHODS
Immunohistochemistry
Swiss mouse embryos at 7.25 days postcoitum (dpc) were mor-
phologically staged according to Downs and Davies (1993). Lim1
protein localization was examined by immunohistochemistry ac-
cording to Karavanov et al. (1996).
Generation of cDNA Pools from Anterior
Mesendoderm Cells
Phenotypically wild-type and Lim1-null embryos at the late
streak stage were collected in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal calf serum (FCS). The anterior
portion of each embryo, composed of the mesendoderm and epi-
blast layers, was physically dissected and incubated in 0.5 units
dispase and 1.25% pancreatin in PBS at room temperature for 3
min. The mesendoderm layer was separated from the epiblast layer
in the enzyme solution using tungsten needles and transferred to
DMEM containing 10% FCS. These anterior mesendoderm tissue
fragments were composed of approximately 20 to 40 cells.
cDNA was synthesized and amplified by PCR according to the
method of Dulac and Axel (1995) modified by Shimono and
Behringer (1999). Briefly, after a brief wash in ice-cold PBS, the
mesendodermal layer from a single embryo was transferred into
ice-cold cell lysis buffer with polyd(T)24. The cells were lysed by
heat treatment at 65°C. First-strand cDNA was synthesized using
Moloney murine leukemia virus (Gibco/BRL) and avian reverse
transcriptase (Boehringer-Mannheim) at 37°C for 15 min. Polyd(A)
was added onto the 39 end of the first-strand cDNA molecules by
terminal transferase (Boehringer-Mannheim) at 37°C for 15 min.
Finally, the cDNAs with polyd(A) on the 39 end and polyd(T) on the
9 end were amplified by PCR with a polyd(T) containing primer,
9-ATTGGATCCAGGCCGCTCTGGACAAAATATGAATTC-
(T)24-39, according to Dulac and Axel (1995).
Subtraction
PCR-amplified cDNA was digested with EcoRI to remove the
sequence external to the polyd(T). The EcoRI-digested ends were
s of reproduction in any form reserved.
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371Anterior Mesendoderm Gene Expressionfilled-in using Klenow fragment. The cDNA pools were divided
into three aliquots. One aliquot was digested with AluI, the second
liquot was codigested with AluI and RsaI, and the third aliquot
as undigested. cDNA with and without restriction enzyme diges-
ion was ligated to a phosphorylated linker.
59-CTCTTGCTTGAATTCGGACTA-39
39-ACACGAGAACGAACTTAAGCCTGAT-59
sing the linker sequence (59-CTCTTGCTTGAATTCGGA-
TA-39), cDNA was amplified again by PCR using the following
onditions: preheat at 94°C for 4 min, 30 cycles of 94°C for 1 min,
0°C for 1 min, 72°C for 2 min with 25 s autoextension per cycle,
nd finally 72°C for 20 min.
The subtraction procedure was according to Wang and Brown
1991) and modified by Shimono and Behringer (1999). After sub-
raction, the cDNA products were digested with EcoRI and ligated
nto the EcoRI site of pBluescript II KS(2) (Stratagene).
Southern Hybridization
Amplified cDNA pools (100 ng) were electrophoresed in 1%
agarose for Southern blot analysis. The inserts of candidate cDNA
clones were amplified by PCR with the KS and SK primers of
pBluescript to generate probes. Other probes included a 2.4-kb
EcoRI fragment of the mouse Lim1 cDNA (Shawlot and Behringer,
1995), a 630-bp PstI–XbaI fragment of the neomycin resistance
gene, a 370-bp PCR amplified fragment from the 39 end of the rat
ribosomal protein S12 cDNA (Ayane et al., 1989), a 1.5-kb BamHI
fragment of the mouse Hnf3b cDNA (Sasaki and Hogan, 1993), and
a 394-bp AluI fragment of the mouse Hesx1/Rpx cDNA (Thomas et
al., 1995; Hermesz et al., 1996).
In Situ Hybridization of Whole and Sectioned
Mouse Embryos
In situ hybridization using digoxygenin-labeled probes was per-
formed on whole embryos according to Wilkinson (1992) and
sectioned embryos according to Uwanogho et al. (1995). The Lim1
igoxygenin-labeled probe was generated using the same fragment
sed for Southern hybridization. A 1.2-kb fragment containing a
ortion of the 39 untranslated region of the SII6 clone and a 500-bp
egion of the 39 untranslated region of the SII120 clone (GP-70) were
sed as probes.
RESULTS
Lim1 Expression in the Anterior Mesendoderm of
Late Streak Stage Mouse Embryos
During the mid- to late streak stages (7.0 dpc), before the
formation of the node and head process, Lim1 transcripts
are detected in the anterior midline, primitive streak, and
mesodermal wings (Figs. 1A and 1B) (Shawlot and Beh-
ringer, 1995). Lim1 expression in the mesodermal wings is
educed by the no allantoic bud stage, but expression in the
nterior midline remains high (Figs. 1C and 1D). At 8.5 days
pc, Lim1-null embryos lack head structures rostral to
hombomere 3 of the hindbrain, the foregut, and the first
Copyright © 1999 by Academic Press. All rightandibular arch. However, Lim1’s role in head develop-
ent must be required earlier because at 8.0 dpc (headfold
tages) Lim1 transcripts are not detected by in situ hybrid-
zation in the prospective head region of the embryo. These
bservations suggest that Lim1 expression in the anterior
midline of late streak embryos is important for head forma-
tion.
Immunostaining was performed on primitive streak stage
embryos to examine the tissue distribution of Lim1 protein
and its cellular localization. In early streak stage embryos,
the expression of Lim1 protein in the primitive streak is
low or undetectable, but much higher in the primitive
endoderm layer and newly generated mesodermal wing
cells. Lim1-expressing cells are scattered throughout the
primitive endoderm layer (Figs. 1F and 1G). At the begin-
ning of the late streak stage, a cluster of cells expressing
Lim1 is observed in the midline region of the visceral
endoderm (Figs. 1H and 1I). Toward the end of the late
streak stage, when the tissue adjacent to the anterior
epiblast consists of a mesoderm and endoderm, Lim1 is
expressed in both tissues but predominantly in the meso-
derm cells (Fig. 1J). Thus, the tissue expression pattern of
the Lim1 protein was similar to its mRNA distribution (Fig.
1H). In addition, Lim1 protein was only detected in the
nucleus. From these Lim1 RNA and protein expression
studies and the phenotype of Lim1-null embryos (Shawlot
and Behringer, 1995, 1999; Shawlot et al., 1998), we hypoth-
esized that Lim1-expressing late streak stage anterior mes-
endoderm was essential for head formation. Therefore,
because Lim1 is a transcription factor that regulates down-
stream target genes, the anterior mesendoderm of wild-type
and Lim1-null late streak stage embryos should have differ-
ences in the expression of target genes.
Multicell cDNA Libraries of Anterior
Mesendoderm Cells from Single Wild-Type and
Lim1-Null Late Streak Stage Mouse Embryos
To analyze the differences in gene expression between
the anterior mesendoderm cells of wild-type and Lim1-null
embryos, cDNA pools were generated by RT-PCR with a
common oligonucleotide primer (Dulac and Axel, 1995;
Shimono and Behringer, 1999). These cDNA pools were
then used for subtraction to isolate genes that are differen-
tially expressed between wild-type and Lim1-null embryos
(Fig. 2).
cDNA pools were generated from the anterior mesen-
doderm region (20 to 40 cells) isolated from single wild-type
and Lim1-null late streak stage embryos (Figs. 2A–2C). At
this stage of development, this region includes visceral
endoderm that will contribute to extraembryonic tissues
(Lawson et al., 1986, 1987; Thomas and Beddington, 1996)
and embryonic mesendoderm. The origin of the mesoderm
located in this region is currently unclear (Tam and Beh-
ringer, 1997). Both of these tissue types expressed Lim1
mRNA (protein) at the late streak stage (Fig. 1). Southern
hybridization of these cDNA pools was performed to retro-
s of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All rightspectively genotype the embryos that were used as the
cDNA source. The Lim1-null allele is a deletion of the
entire Lim1 coding region that is replaced by a neomycin
(neo) resistance expression cassette (Shawlot and Behringer,
1995). Hybridization of the cDNA pools with the Lim1
oding region and neo probes revealed that cDNA pools 1
nd 2 were generated from wild-type embryos and cDNA
ools 3 and 4 were generated from Lim-1-null embryos (Fig.
A).
These cDNA pools should contain genes that are specifi-
ally expressed in anterior mesendoderm and reflect their
elative expression levels in this tissue (Velculescu et al.,
1995). The expression of anterior mesendoderm marker
genes was examined by Southern hybridization of the
cDNA pools. Hnf3b and Hesx1/Rpx hybridization signals
ndicate a high abundance of their cDNA molecules in the
mplified wild-type cDNA pools as expected from previous
eports (Sasaki and Hogan, 1993; Ang et al., 1993; Hermesz
t al., 1996; Thomas and Beddington, 1996), but a much
ower abundance or undetectable levels in the Lim1-null
DNA pools (Fig. 3B). These results are consistent with
revious whole-mount studies of Hnf3b expression in
im1-null embryos (Shawlot and Behringer, 1995). Further-
ore, Hesx1/Rpx transcripts were undetectable in whole-
mount late streak stage Lim1-null embryos (data not
shown). These results suggest that the Lim1 mutation
causes differences in gene expression in anterior mesen-
doderm cells of late streak stage embryos and that these
cDNA pools should be useful for identifying anterior
mesendoderm-specific genes that may be involved in the
Lim1 pathway of head formation. Because cDNA pool 2
(wild-type) shows a high abundance of Lim1 and cDNA pool
3 (Lim1-null) shows a high abundance of neo, and both
cDNA pools show similar amounts of the ubiquitous ribo-
somal protein S12 cDNA (Fig. 3B), they were selected for
further manipulation.
Generation of an Anterior Mesendoderm Wild-
Type Minus Lim1-Null Subtracted cDNA Library
Southern blots of cDNA pools 2 and 3 were individually
hybridized with cDNA pools 2 and 3 as probes, respectively.
The Southern hybridization results suggest that there are
no large differences in highly abundant cDNA molecules
between the wild-type and Lim1-null cDNA pools (Fig. 4A).
To enrich for anterior mesendoderm cDNAs that are spe-
cifically expressed in wild-type but not Lim1-null embryos,
a PCR-based subtraction was applied and repeated three
times (Wang and Brown, 1991; Shimono et al., 1999). After
anterior endoderm layer (curved arrow). (J) Lim1 protein expression
in the mesendoderm near the end of late streak stage. es, early
streak; ls, late streak; ps, primitive streak; mw, mesodermal wing;
pe, parietal endoderm; e, endoderm. Scale bars: A–D, 125 mm; F–J,FIG. 1. Lim1 mRNA and protein expression in mid- to late streak
stage mouse embryos. (A–D) Lim1 mRNA distribution in whole
midstreak (A), late streak (B), no allantoic bud (C), and early
allantoic bud (D) stage embryos. Expression in the midline is
observed in all of these stages, but expression in the mesodermal
wings is decreased rapidly from the proximal region when the
amniotic canal is fully closed. a, anterior; p, posterior; al, allantoic
bud. (E–J) Lim1 protein distribution in early to late streak stage
embryos. (E) Diagram of early (top) and late (bottom) streak stage
embryos. The sections for F–J were made at the indicated level. (F,
G) Lim1 protein expression at the early streak stage. Lim1 is
expressed in the primitive endoderm layer (short arrow) and newly
generated mesodermal wings. (H, I) Lim1 protein expression at the0 mm.
s of reproduction in any form reserved.
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373Anterior Mesendoderm Gene Expressionthree rounds of subtraction, Southern hybridization of the
subtracted libraries was performed using the third sub-
tracted libraries of wild-type and Lim1-null anterior mes-
endoderm as probes (Fig. 4B). These Southern hybridization
results suggest that genotype-specific molecules are en-
riched in each library during the subtraction steps. To
reveal the enrichment efficiency after subtraction, Lim1,
Hnf3b, Hesx1/Rpx, and neo probes were used for Southern
ybridization. cDNA probes for Lim1, Hnf3b, and Hesx1/
Rpx indicate that these cDNA fragments were enriched
even in the first round of subtraction (approximately 100-
fold), but were slightly reduced in the third round of
subtraction (Fig. 4C). The neo probe indicates that mutant-
specific cDNAs were enriched during the subtraction steps
of the mutant minus wild-type cDNA pools (Fig. 4D). The
subtraction efficiencies of ubiquitously expressed genes
were also monitored using the S12 probe. The results
suggest that cDNA molecules that are common between
the initial wild-type and Lim1-null cDNA pools were
significantly reduced in the first subtracted libraries but
effectively removed in the second subtracted libraries (Fig.
FIG. 2. Strategy to identify Lim1 downstream target genes. (A) W
embryos used for dissecting the anterior region to generate cDN
phenotype. The line shown in A delineates the embryonic region
Mesendoderm (me) separated from the associated ectoderm (ec). (E
20 to 40 cells of the anterior mesendoderm layer at the late streak st
library was constructed by subtraction between the wild-type and4D). p
Copyright © 1999 by Academic Press. All rightIsolation of Genes Expressed in Wild-Type
Anterior Mesendoderm
The enrichment of Lim-1, Hnf3b, and Hesx1/Rpx cDNA
ndicates that anterior mesendoderm-specific cDNA mol-
cules are enriched in the wild-type minus mutant sub-
racted cDNA pools. Therefore, a plasmid library was
onstructed using the second wild-type minus mutant
ubtracted (W-M II) cDNA pool. In the W-M II library, Lim1
as found to be present at a 1.2% frequency (122 clones in
0,000 colony-forming units, cfu) in comparison to a fre-
uency of 0.01% in the original wild-type cDNA pool.
ikewise, Hnf3b was found to be present at approximately
1.7% (165 clones in 10,000 cfu) frequency in comparison
o a frequency of 0.01% in the original wild-type cDNA
ool. These results suggest that the subtraction resulted in
greater than 100-fold enrichment of wild-type-specific
DNAs.
The W-M II library was then screened by colony hybrid-
zation using the total W-M II cDNA library inserts as
robes to identify highly enriched cDNA fragments. The
pe late streak stage embryo and (C, D) Lim1-null late streak stage
ol 3 (C) and pool 4 (D). The mutant embryo in D had a milder
t was separated into epiblast and mesendoderm shown in B. (B)
d-type and Lim1-null cDNA pools were generated separately from
tilizing RT-PCR with a common primer. Then a wild-type specific
-null cDNA pools.ild-ty
A po
tha
) Wil
age, u
Lim1ositively hybridizing clones were estimated to account for
s of reproduction in any form reserved.
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374 Shimono and Behringerapproximately 60% of the W-M II library. From the posi-
tively hybridizing colonies, 60 clones were randomly cho-
sen and 14 (23%) were found to be independent cDNA
clones. From the negatively hybridizing clones, 108 of the
negatively hybridizing clones were randomly picked and
101 (93%) were found to be independent cDNA clones.
Some of the cDNA clones were isolated two (SII6) or three
(SII10) times in the sampling of the 60 positively hybridiz-
ing clones analyzed (Table 1).
These 115 (14 1 101) independent clones were then used
s individual probes on Southern blots of the original cDNA
ools as a second screening to verify that they were differ-
ntially expressed in wild-type and Lim1-null anterior mes-
ndoderm (Fig. 5). Using this criterion, 4 of the 14 (28%)
ositively hybridizing clones and 18 of the 101 (18%)
egatively hybridizing clones were shown to be differen-
ially expressed. Clones SII6 and SII120 are apparently
ighly expressed in wild-type anterior mesendoderm be-
ause strong hybridization signals were obtained after only
few hours exposure to X-ray film in comparison to the
ther 20 differentially expressed clones that required an
vernight exposure to reveal hybridization signals.
DNA sequencing of the 22 cDNA clones demonstrated
hat the size of the cDNA inserts ranged from 300 to 600 bp
n length; presumably most are 39 untranslated regions
UTR) (Table 1). Four of the 22 cDNA clones (;20%) had
imilarity or identity with known genes. For example, clone
II10 shows homology to human genome sequence of 9q34
FIG. 3. Southern hybridization analysis of PCR-generated cDNA
pools. (A) Genotyping of cDNA pools with Lim1 and neo probes. (B)
xpression analysis of anterior mesendoderm marker genes. Hnf3b
and Hesx1/Rpx expression is significantly reduced in Lim1-null
anterior mesendoderm cells. S12, ribosomal protein S12.Woodward et al., 1995) and clone SII84 has homology to c
Copyright © 1999 by Academic Press. All righthe 39 UTR of the prolyl oligopeptidase mRNA (Accession
o. AA409852). Clone SII43 is identical to the Tsx gene
DNA (Simmer et al., 1996). Clone SII120 is identical to
glycoprotein-70 (GP-70), a member of the immunoglobulin
superfamily (Ozawa et al., 1988). Fifteen of the 22 cDNA
clones (;70%) had identity with expressed sequence tag
(EST) clones present in the database. Three of the 22 cDNA
clones (;15%) did not match any sequences in the data-
base.
Expression of cDNA Clones in Wild-Type and
Lim1-Null Embryos
Whole-mount in situ hybridization of late streak stage
wild-type embryos was performed for 12 of the 22 cDNA
clones. Ten of the 12 clones did not give a hybridization
signal perhaps because they are expressed at relatively low
abundance (Fig. 5) or they may have inserts of insufficient
size to act as good in situ hybridization probes. However, 2
f the 12 clones (SII6 and GP-70) proved to be good probes
or whole-mount in situ hybridization perhaps because of
heir high abundance in anterior mesendoderm (Fig. 5).
lone SII6 transcripts were detected in the anterior visceral
ndoderm of early streak stage embryos (not shown) and the
nterior mesendoderm of midstreak to no allantoic bud
tage embryos (Figs. 6B, 6E, and 6H). At the midstreak stage,
he SII6 expression domain is coincident with the Lim1
nterior mesendoderm expression domain (Figs. 6A and 6B).
his is also true at the late streak stage (Figs. 6D and 6E and
F and 7H). At the no allantoic bud stage, SII6 and Lim1
xpression in the anterior mesendoderm still overlaps but
ppears to be segregating proximally and distally, respec-
ively (Figs. 6G and 6H). In addition, another SII6 expression
omain is detected in the endoderm and mesoderm in the
osterior region of the embryo (Fig. 6H). Clone GP-70
ranscripts were detected in the visceral endoderm of the
roximal half of the embryonic region and all of the visceral
ndoderm of the extraembryonic region of midstreak to no
llantoic bud stage embryos (Figs. 6C, 6F, and 6I). At the
ate streak to no allantoic bud stages, GP-70 expression in
he embryonic region is highly enriched in a small portion
f anterior visceral endoderm that is similar to the initial
omain of Hesx1/Rpx expression (Figs. 6F and 6I) (Hermesz
t al., 1996; Thomas and Beddington, 1996). Thus, GP-70
xpression overlaps with Lim1 in the anterior visceral
ndoderm during gastrulation (Figs. 6A, 6C, 6D, and 6F).
The expression of SII6 and GP-70 was also examined in
ate streak stage Lim1-null embryos. The expression of
lone SII6 was undetectable in the anterior region of mutant
mbryos, but was observed in a small region of endoderm at
he distal tip (Figs. 7A and 7B). Non-radioactive in situ
ybridization of sectioned wild-type and Lim1-null late
treak stage embryos revealed that expression of clone SII6
s detected in the anterior endoderm layer of wild-type
mbryos but is essentially absent in Lim1-null embryos
Figs. 7H and 7I). The expression of GP-70 was also signifi-
antly reduced in the anterior visceral endoderm and more
s of reproduction in any form reserved.
375Anterior Mesendoderm Gene ExpressionFIG. 4. Enrichment of genotype-specific cDNA fragments after subtraction–amplification cycles. (A) Southern hybridization of cDNA
pools with a cDNA pool 2 probe or a cDNA pool 3 probe. There is little difference between abundant cDNA molecules of cDNA pools 2
and 3. (B) Southern hybridization of cDNA pools after each subtracted cycle with the third subtracted wild-type minus mutant (W-M) cDNA
pool or the third subtracted mutant minus wild-type (M-W) cDNA pool. The differences between the different subtracted W-M and M-W
cDNA pools indicate that genotype-specific molecules are enriched in the subtracted libraries. (C, D) The efficiency of enrichment and
subtraction was examined by Southern hybridization of cDNA pools after each subtracted cycle with specific and ubiquitous marker gene
probes. (C) cDNA of anterior mesendoderm marker genes was significantly enriched even after the first W-M subtraction. (D) Southern
hybridization of cDNA pools after each subtracted cycle with neo and S12 probes indicated enrichment of neo cDNA during subtraction
and reduction of S12 cDNA during subtraction cycles.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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376 Shimono and Behringerproximal extraembryonic tissues of Lim1-null embryos
(Figs. 7C and 7D). In more severely affected Lim1-null
embryos, GP-70 expression was undetectable (Fig. 7E).
DISCUSSION
The anterior mesendoderm of the mid- to late streak
stage mouse embryo is a source of signals that induce
anterior neuroectoderm fate in the overlying epiblast (Ang
and Rossant, 1993). At this stage of development, the
anterior mesendoderm is a complex mixture of tissues,
including extraembryonic anterior visceral endoderm and
primitive streak-derived anterior definitive endoderm and
mesoderm (Tam and Behringer, 1998). These extraembry-
onic and embryonic tissues have been shown to direct
anterior fates in the overlying epiblast (Beddington and
Robertson, 1998). Interestingly, Lim1 is expressed in each of
these extraembryonic and embryonic tissue types. Further-
more, mouse chimera studies suggest that Lim1 activity is
required in both tissue types for head formation (Shawlot
TABLE 1
Summary of cDNA Clones from the W-M II Anterior
Mesendoderm Library That Were Differentially Expressed
between Wild-Type and Lim1-Null Late Streak Stage Embryos
Clone
IDa
No. of
times
isolated
Insert
length
(bp) Identity
SII6 2 500 EST
10 3 500 Human genome (9q34)
43 1 500 Tsx
45 1(/60) 500 EST
68 1 500 Unknown
76 1 400 EST
78 1 400 Unknown
80 1 450 EST
82 1 400 EST
83 1 350 EST
84 1 500 Proteinase (rat)
91 1 500 EST
114 1 600 EST
120 1 500 GP-70 (Ig superfamily)
136 1 300 EST
142 1 500 EST
144 1 500 EST
146 1 300 Unknown
150 1 500 EST
152 1 500 EST
162 1 500 EST
163 1(/108) 500 EST
a Clones SII6 to 45 were isolated as clones that hybridized with
he W-M II mixed probe. Clones SII68 to 163 were isolated as clones
hat did not hybridize with the W-M II mixed probe. Not included
n this table are Lim1, HNF3b, HesX1/Rpx, and Cerr1 that were
lso isolated.and Behringer, 1999).
Copyright © 1999 by Academic Press. All rightWe focused on the anterior mesendoderm of late streak
stage embryos because of its anterior neural-inducing abil-
ity and because it abundantly expresses Lim1. Indeed, the
initial cDNA pools of wild-type anterior mesendoderm
contained a large number of Lim1 cDNAs. Moreover, the
W-M II subtracted library would be predicted to contain
Lim1-regulated genes that are present in these tissues but
absent in the corresponding mutant tissues. Indeed, Hesx1/
Rpx, which is initially expressed in the anterior visceral
endoderm (Hermesz et al., 1996; Thomas and Beddington,
1996), and Hnf3b (Echelard et al., 1993), which is expressed
in the anterior axial mesendoderm, were identified as
abundant cDNAs in the W-M II subtracted library. Because
Lim1 appears to be required in multiple tissues for head
formation, this anterior mesendoderm-specific cDNA li-
brary is likely to contain Lim1 downstream targets (direct
and indirect) of both extraembryonic anterior visceral
endoderm and streak-derived definitive endoderm and me-
soderm.
At least 2 of the 22 cDNA clones that we have initially
characterized are intriguing with respect to Lim1. SII120
sequence is identical to GP-70. GP-70 is a member of the
immunoglobulin gene superfamily that was originally iso-
lated from embryonal carcinoma cells (Ozawa et al., 1988).
GP-70 encodes a receptor for Dolichos biflorus agglutinin
that is expressed in the visceral endoderm of 5.5 to 7.5 dpc
mouse embryos (Noguchi et al., 1988). Our whole-mount in
situ hybridization studies of wild-type embryos confirm
this. GP-70 expression overlaps with Lim1 in the most
anterior region of the visceral endoderm of late streak stage
embryos. In addition, GP-70 expression is significantly
reduced or undetectable in the Lim1-null mutants. This
domain of Lim1/GP-70 coexpression has been shown to be
important for anterior neural development (Thomas and
Beddington, 1996).
SII6 appears to be a novel gene. Sequence information
from our initial cDNA clone suggests that only the 39 UTR
is present in SII6. Partial DNA sequencing of larger cDNA
clones indicates an open reading frame that may encode a
novel membrane-associated protein (Shimono and Beh-
ringer, 1999). The expression pattern of SII6 at the late
streak stage is precisely what would have been predicted
from our screen strategy for Lim1-regulated genes. SII6
expression is restricted to the anterior mesendoderm of
wild-type primitive streak stage embryos and overlaps with
the Lim1 anterior mesendoderm expression domain. In
addition, SII6 expression is undetectable in the anterior
mesendoderm of Lim1-null late streak stage embryos.
These results indicate that SII6 expression is influenced by
Lim1. However, it is not clear if this is a direct or indirect
relationship.
At the no allantoic bud stage, SII6 expression persists
anteriorly whereas Lim1 expression becomes downregu-
lated anteriorly. Furthermore, a second domain of SII6
expression appears in the endoderm and mesoderm in the
posterior region of wild-type embryos. These observations
suggest that SII6 expression is regulated by factors in
s of reproduction in any form reserved.
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377Anterior Mesendoderm Gene Expressionaddition to Lim1. Regulation by other factors may explain
the ectopic SII6 expression detected in the distal endoderm
of late streak stage Lim1-null embryos. This ectopic SII6
expression is probably not due to abnormal endoderm
placement because Gsc-lacZ marker analysis suggests that
the anterior mesendoderm is correctly positioned.
The method we present here has several advantages over
previous differential screen strategies. This strategy is ideal
for situations where the source of tissue is limiting. The
entire analysis presented here was derived from the anterior
mesendoderm regions of four gastrula stage embryos and
actually only two embryos were used to generate the
subtracted libraries. This was especially useful considering
that only one-quarter of the embryos that were collected
would be Lim1-null. When large numbers of embryos are
needed for more traditional screening strategies, the result-
ing cDNA pool that is produced is a collation of all of the
embryos used. In our case, the cDNA pool that was ampli-
fied represents a precise subregion of a single embryo. Thus,
careful embryo staging would afford a more accurate differ-
ential screen. This precision can also be enhanced by a
rigorous characterization of the initial cDNA pools that are
generated with the appropriate markers.
In addition to the subtraction described here, we in
FIG. 5. Southern blot analysis of original cDNA pools with clon
ndicate a high abundance in wild-type cDNA pools and large di
ambiguity, though enriched in one of the wild-type cDNA pools
subsequently eliminated from the screen.parallel combined the multicell cDNA library approach t
Copyright © 1999 by Academic Press. All rightwith the suppression subtractive hybridization (SSH)
method (PCR Select, Clonetech) (Diatchenko et al., 1996).
Interestingly, using SSH, we also isolated clone SII6, GP-70,
and notably Cerr1. Cerr1 encodes a secreted factor that is
related to the head-inducing Xenopus cerberus gene (Bouw-
meester et al., 1996; Belo et al., 1997; Biben et al., 1998;
hawlot et al., 1998). In primitive streak stage mouse
mbryos, Cerr1 is expressed in the anterior visceral
ndoderm and the anterior definitive endoderm. In Lim1-
ull primitive streak stage embryos, Cerr1 expression is
eak or undetectable, suggesting that Cerr1 may be a
im1-regulated gene (Shawlot et al., 1998). Thus, the mul-
icell cDNA library approach can be combined successfully
ith more than one type of subtraction protocol to isolate
ifferentially expressed genes.
Although cDNA can be amplified from single cells for
uccessful differential screens (Dulac and Axel, 1995),
ingle-cell resolution may be too fine in certain situations.
ndeed, our initial screens utilized single anterior mesen-
oderm cells from wild-type and Lim1-null embryos. Al-
hough cDNA amplification from single anterior mesen-
oderm cells worked well, our subsequent differential
creen did not yield differentially expressed cDNAs. The
uccess of the Dulac and Axel screen may be due in part to
DNA fragments from the W-M II cDNA library. SII6 and SII120
ces between wild-type and Lim1-null cDNA pools. SII44 shows
8 shows no hybridization. Clones such as SII44 and SII18 wereed c
fferen
. SII1he choice of a set of very specific postmitotic neurons,
s of reproduction in any form reserved.
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378 Shimono and BehringerFIG. 6. Whole-mount in situ hybridization analysis of Lim1, SII6, and GP-70 expression in wild-type primitive streak stage mouse
embryos. Lim1 (A, D, G), SII6 (B, E, H), and GP-70 (C, F, I). Midstreak (A, B, C), late streak (D, E, F), and no allantoic bud stages (G, H, I).
a, anterior; p, posterior. Scale bar: 170 mm.
FIG. 7. In situ hybridization analysis of SII6 and GP-70 in wild-type and Lim1-null gastrulation stage embryos. Whole-mount in situ
ybridization analysis of SII6 (A, B) and GP-70 expression (C–E). Wild-type (A, C) and Lim1-null (B, D, E) embryos. SII6 expression is
bserved in the anterior midline of the wild-type late streak embryo. However, the SII6 expression domain is largely restricted to the distal
egion of the Lim1-null littermate (curved line). The junction between the extraembryonic and embryonic regions is indicated by an arrow.
P-70 expression is observed in the extraembryonic endoderm, including the anterior visceral endoderm (AVE) of the wild-type no allantoic
ud stage embryo. However, GP-70 expression is reduced in the Lim1-null littermate with a relatively milder phenotype (D) but is
ndetectable in the Lim1-null littermate with a severe phenotype (E). Section in situ hybridization analysis of Lim1 (F, G) and SII6
expression (H, I). Wild-type (F, H) and Lim1-null (G, I) embryos. Lim1 transcripts are localized to the anterior mesendoderm and mesodermal
wings (F) in wild-type late streak embryos. No Lim1 transcripts are detected in the Lim1-null littermate. SII6 transcripts are abundant in
the anterior mesendoderm of the wild-type late streak embryo. However, SII6 expression is only detected in the lateral regions of the
Lim1-null littermate (arrow). a, anterior; p, posterior. Scale bars: A–E, 200 mm; F–I, 50 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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379Anterior Mesendoderm Gene Expressionthereby eliminating concerns about cell cycle status. The
molecular marker, germ layer recombination assays, and
chimera studies indicated that the anterior mesendoderm
region was defective in the Lim1-null embryos, but it was
ot clear which specific cell type was defective. Thus, the
ulticell cDNA library approach presented here may prove
o be useful in these types of situations and also comple-
ents other methods to generate germ layer-specific cDNA
ibraries in the mouse (Harrison et al., 1995).
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